Tamoxifen continues to be a standard endocrine therapy for the prevention and treatment of estrogen receptor (ER)-positive breast cancer. Tamoxifen can be considered a classic "pro-drug," requiring metabolic activation to elicit pharmacological activity. CYP2D6 is the rate-limiting enzyme catalyzing the conversion of tamoxifen into metabolites with significantly greater affinity for the ER and greater ability to inhibit cell proliferation. Both genetic and environmental (drug-induced) factors that alter CYP2D6 enzyme activity directly affect the concentrations of the active tamoxifen metabolites and the outcomes of patients receiving adjuvant tamoxifen. The a priori knowledge of the pharmacogenetic variation known to abrogate CYP2D6 enzyme activity may provide a means by which the hormonal therapy of breast cancer can be individualized.
Breast cancer is the most common malignancy among women. Its lifetime risk amounts to a total of 10%, 1 and approximately 15-20% of all breast cancers are associated with the occurrence of familial breast and/or ovarian cancer. 2 During the past two decades, various high-and low-risk cancer susceptibility genes have been detected, including high-risk susceptibility genes such as breast cancer gene 1 (BRCA1) and breast cancer gene 2 (BRCA2). Although the role of inheritance in breast cancer carcinogenesis is well established, an emerging area of research is pharmacogenetics, a field that studies the role of genetic inheritance in individual variation in drug response and toxicity. Recently, genetic and druginduced variation in the phase I drug-metabolizing enzyme cytochrome P450 2D6 (CYP2D6) has emerged as an important contributor to the interindividual variability in response after the administration of tamoxifen.
For three decades, tamoxifen has been a standard endocrine therapy for the treatment of ERpositive breast cancer. When administered to women with ER-positive breast cancer for 5 years after surgery, tamoxifen almost halves the annual recurrence rate and reduces the breast cancer mortality rate by one-third in both pre-and post-menopausal women. 3 Tamoxifen's continued importance is reflected by its status as the only hormonal agent approved by the US Food and Drug Administration (FDA) for the prevention of breast cancer, 4 the treatment of ductal carcinoma in situ ,5 and the treatment of pre-menopausal breast cancer. 6 Although tamoxifen is still the accepted standard of care for pre-menopausal breast cancer, aromatase inhibitors (AIs) are now an accepted therapy for post-menopausal breast cancer. In this setting, there are two accepted treatment algorithms: an AI for 5 years 7, 8 or tamoxifen for 2-3 years followed by an AI for 2-3 years. [9] [10] [11] Compared with 5 years of tamoxifen, administration of an AI for 5 years reduces the risk of a disease event by 13%, but does not prolong survival. 7, 12 In contrast, sequencing of hormonal therapy with tamoxifen for 2-3 years followed by an AI reduces the risk of a disease event by 40% 9,10 and prolongs survival 13, 14 compared with 5 years of tamoxifen. For this reason, tamoxifen is still commonly employed for treatment of post-menopausal breast cancer. 15 When more than one effective option exists for treating a given disease, there is much interest in identifying biomarkers which can reproducibly identify patients that should preferentially receive or be excluded from a given therapy. Notably, tumors or somatic markers (e.g., ER, HER-2) are not predictive of a preferential response to breast cancer endocrine therapy (e.g., tamoxifen vs. aromatase inhibitor). In this study, we review the pharmacology of tamoxifen biotransformation, the importance of CYP2D6 pharmacogenetics accounting for the variability in exposure to the active tamoxifen metabolites, and evidence to suggest that CYP2D6 can be used as a predictive marker for the individualization of endocrine therapy.
TAMOXIFEN PHARMACOLOGY
The classic understanding of tamoxifen pharmacology has been that the parent drug and its metabolites interact with the ER in both breast and non-breast tissues to produce a complex phenotype of both agonist and antagonist effects. Although investigators observed wide interindividual variability in the concentrations of tamoxifen and its metabolites, 16 there was no evidence linking variability in tamoxifen concentrations (or its metabolites) with response or side effects. 17, 18 However, recent in vitro and in vivo human studies have characterized an important tamoxifen metabolic pathway leading to the formation of active metabolites, which exhibit significantly greater affinity for the ER, 19 and greater potency in suppressing cell proliferation (compared to tamoxifen). 20, 21 Knowledge of the genetic and environmental factors, which contribute to the wide variability in the formation of these active metabolites, has led to a new understanding of tamoxifen pharmacology.
PRIMARY TAMOXIFEN METABOLISM
Tamoxifen undergoes extensive hepatic oxidation by the cytochrome P450 (P450) isoforms to several primary and secondary metabolites [22] [23] [24] with variable potencies toward the ER (see Figure 1 ). Major tamoxifen metabolites include N-desmethyltamoxifen (NDM), 4-hydroxytamoxifen (4-OH-Tam), tamoxifen-N-oxide, α-hydroxytamoxifen, and Ndidesmethyltamoxifen. 19, [24] [25] [26] [27] NDM, resulting from the CYP3A4/5-mediated catalysis of tamoxifen, is quantitatively the major primary metabolite of tamoxifen and accounts for approximately 92% of primary tamoxifen oxidation. 24 In women receiving tamoxifen at a dose of 20 mg/day, plasma steadystate concentrations of tamoxifen and NDM are 362.5 and 654.9 nM, respectively, whereas the steady-state concentrations of 4-OH-Tam are extremely low (9 nM). 28 
SECONDARY TAMOXIFEN METABOLISM
Using NDM as an intermediary substrate, the secondary metabolism of tamoxifen has recently been more fully elucidated. 24, 28, 29 NDM is predominantly biotransformed to α-hydroxy Ndesmethyl-, N-didesmethyl-, and 4-hydroxy-N-desmethyl-tamoxifen (endoxifen). Whereas the biotransformation of NDM to endoxifen is exclusively catalyzed by CYP2D6 (see Figure 1) , all other routes of N-desmethyl biotransformation are catalyzed predominantly by the CYP3A subfamily 24 (data not shown in Figure 1) . Recent clinical studies have demonstrated that common CYP2D6 genetic variation (leading to low or absent CYP2D6 activity), or the inhibition of CYP2D6 enzyme activity significantly lowers the plasma concentrations of endoxifen. 19, 28 Patients homozygous for a CYP2D6 null allele had significantly lower endoxifen concentrations (mean, 21.9 nM) than patients with one (mean, 64.2 nM) or two (mean, 88.6 nM) CYP2D6 functional alleles. 30 
ANTIPROLIFERATIVE EFFECTS OF TAMOXIFEN AND ITS METABOLITES
It has been known for many years that 4-OH-Tam 31,32 possesses a much higher affinity for ERs and is 30-to 100-fold more potent than tamoxifen in suppressing estrogen-dependent cell proliferation. 33, 34 For this reason, many considered 4-OH-Tam to be the active metabolite of tamoxifen and it is frequently used to characterize tamoxifen activity in vitro. However, new data suggest that endoxifen has identical properties and potency as 4-OH-Tam, but is present in concentrations up to 10-fold higher than 4-OH-Tam. 30 Lien et al. 35, 36 first identified "metabolite Bx", or endoxifen, in 1989. However, only recently did Stearns et al. 29 publish that endoxifen exhibits potency similar to 4-OH-Tam with respect to ER-binding affinity and suppression of estrogen-dependent cell growth. Subsequent to this work, Flockhart's group performed a series of studies to further characterize endoxifen pharmacology. These studies confirmed that endoxifen has equivalent potency in vitro similar to 4-OH-Tam in ER-α and ER-β binding, 20 in suppression of ER-dependent breast cancer proliferation, 20, 37 and in global ER-responsive gene expression. 38 Recently, Buck et al. 21 confirmed these findings through the characterization of the effects of tamoxifen and its metabolites on the antiproliferative transforming growth factor-β signaltransduction pathway in human breast cancer cells. They analyzed the growth inhibitory effect of tamoxifen and its major metabolites, and demonstrated that only 4-OH-Tam and endoxifen had significant antiproliferative activity and were able to induce transforming growth factor-β2 and transforming growth factor-β type II receptor.
CYP2D6 GENOTYPIC HETEROGENEITY
The CYP2D6 enzyme is an important phase I drug enzyme involved in the metabolism of up to 25% of all drugs. More than 48 different drug substrates for this enzyme have been identified, include drugs from the following classes: β-blockers, antidepressants, antiarrhythmics, and antipsychotics. 39 The CYP2D6 gene is highly polymorphic, currently with 63 different major alleles known, many of which are associated with increased, decreased, or abolished function of the final gene product. The CYP2D6 phenotypes associated with these different alleles include poor (PM), intermediate (IM), extensive (EM), and ultrarapid (UM) metabolizers. Some of the most common and important variant alleles distributed in different ethnic groups are listed in Table  1 , and all variant alleles are presented on the homepage of the human CYP allele nomenclature committee (http://www.imm.ki.se/cypalleles/cyp2d6.htm). Carriers of any two of approximately 20 known null alleles are phenotypic poor metabolizers, representing 7-10% of the European and North American Caucasian population. 39 One of the most important functionally altered null variants, among others includes CYP2D6*4 (15-21% in Caucasians). Important alleles associated with reduced enzyme activity include CYP2D6*10 (up to 57% in Asians 40 ) and CYP2D6*17 (20-34% in African and African Americans). 41 Individuals at the high end of the activity spectrum (UM) carry gene duplications and multiduplications of functional alleles, which lead to higher CYP2D6 expression and enzyme activity, with relatively low frequency observed in Caucasians and Asians, 39 but commonly observed in Ethiopians (up to 30% 42 ).
Borges et al. 30 recently reported an updated analysis of their prospective tamoxifen pharmacology cohort by assessing the combined effect of 33 different CYP2D6 alleles on the plasma concentrations of tamoxifen and its metabolites. Notable in this analysis was that patients heterozygous for a reduced (e.g., *10) and null (e.g., *4) allele (i.e., individuals typically classified as IM) had similar endoxifen concentrations compared to PM, indicating the importance of comprehensive CYP2D6 genotyping to account for the variability in endoxifen plasma concentrations. In this same study, patients with multiple copies of any functional allele (UM) had higher mean endoxifen concentrations compared to patients who did not carry a UM allele. 30 
TRANSLATION OF CYP2D6 PHARMACOGENETICS IN TAMOXIFEN-TREATED BREAST CANCER
We were the first to show evidence that genetic variability in CYP2D6 may affect the treatment outcomes of patients receiving tamoxifen. 43 We performed a retrospective analysis of a prospective adjuvant tamoxifen trial (NCCTG 89-30-52) in post-menopausal women with surgically resected ER-positive breast cancer (stages I-III) to determine the role of genetic variation in CYP2D6. 43 Because of the difficulty in amplifying DNA from formalin-fixed paraffin-embedded tissue, only the CYP2D6*4 (the most common null allele contributing to the PM state 44 ) and the CYP2D6*6 (an infrequent null allele) were studied. No *6 variants were detected. Of the 256 women enrolled in the tamoxifen-only arm, 223 paraffin-embedded tissue blocks were available for DNA extraction and CYP2D6*4 was amplified in 190. Women with the CYP2D6*4/*4 genotype had shorter relapse-free time and worse disease-free survival compared to women with either one or no *4 alleles (log rank P = 0.030 and P = 0.020, respectively). In a multivariate analysis, *4/*4 patients still tended to have worse relapse-free survival (RFS) (hazard ratio (HR) = 1.86, P = 0.089). 43 Additionally, we observed differences in the incidence of moderate or severe hot flashes in patients homozygous for the *4 allele (0%) versus those with one or no *4 alleles (20%; P = 0.06). These data supported the hypothesis that the CYP2D6-mediated formation of the potent antiestrogens may lead to differences not only in response but also in side effects.
CYP2D6 INHIBITORS AND THEIR EFFECT ON TAMOXIFEN ACTIVATION
The newer antidepressant drugs, such as the selective serotonin reuptake inhibitors and the serotonin and norepinephrine reuptake inhibitors, are commonly administered with tamoxifen in breast cancer patients to treat depression or alleviate hot flashes. 19, [45] [46] [47] [48] Notably, Jin et al. 28 demonstrated that the co-administration of fluoxetine and/or paroxetine can convert a CYP2D6 extensive metabolizer to a phenotypic PM, as demonstrated by a reduction in plasma endoxifen concentrations to a similar level as genotypic PM. Many other clinically important drugs have been reported to inhibit the CYP2D6 enzyme system, but their effects on tamoxifen metabolism and treatment outcome have not been carefully studied.
CYP2D6 METABOLISM AND TAMOXIFEN TREATMENT OUTCOME
We recently updated our analysis of the NCCTG 89-30-52 tamoxifen trial by assessing the combined effect of CYP2D6 genetic variation and drug-induced inhibition of the enzyme system on breast cancer outcomes. 49 In this analysis, we reviewed the medical records at each randomizing site to determine whether potent (fluoxetine and paroxetine) or weak/moderate (sertraline, cimetidine, amiodarone, doxepin, ticlopidine, and haloperidol) CYP2D6 inhibitors were co-prescribed with tamoxifen.
We defined "extensive" metabolizers as patients without a CYP2D6*4 allele who were not prescribed a CYP2D6 inhibitor. "Decreased" CYP2D6 metabolism was defined as patients with one or two *4 alleles, or the confirmation that a CYP2D6 inhibitor was co-administered with tamoxifen (regardless of genotype).
Medication history was available in 225 out of 256 eligible patients, and we confirmed that 13 patients (6%) were co-prescribed a CYP2D6 inhibitor with a median duration of 2-3 years. Knowledge of both medication history and CYP2D6 genotype (available in 180 patients) allowed us to classify patients as having "extensive" (n = 115) or "decreased" (n = 65) CYP2D6 metabolism. In a multivariate analysis, patients with "decreased" metabolism had significantly shorter time to recurrence (P = 0.034; HR = 1.91) and worse RFS (P = 0.017; HR = 1.74) relative to patients with "extensive" metabolism ( Figure 2 ).
Because the cohort of patients with "decreased" metabolism comprised both phenotypic PM and IM, we used the in vivo data regarding the combined effect of CYP2D6 genotype and CYP2D6 inhibitors on endoxifen plasma concentrations 28, 30 to classify patients with "decreased" CYP2D6 metabolism into "intermediate" or "poor" metabolizer categories. Intermediate metabolizers were defined as patients (1) heterozygous for the *4 allele (*4/Wt) without co-prescription of a CYP2D6 inhibitor, or (2) no *4 alleles (Wt/Wt) with coadministration of a weak/moderate inhibitor. Poor metabolizers were defined as (1) patients homozygous for the *4 allele (*4/*4), (2) *4/Wt and co-administration of any CYP2D6 inhibitor, or (3) Wt/Wt and co-administration of a potent inhibitor. As expected, Cox's modeling demonstrated a stepwise decrement in breast cancer outcomes based on the extent of impairment of CYP2D6 metabolism. Whereas women classified as "intermediate" metabolizers tended to exhibit worse RFS (HR = 1.63, P = 0.075), patients classified as "poor metabolizers" had the worst outcome, with significantly worse RFS (HR = 2.69, P = 0.005) 49 ( Figure 3 ).
OTHER DATA IN SUPPORT OF CYP2D6 AS A MARKER OF TREATMENT RESPONSE
Recently, our findings were validated by Schroth et al., 50 who demonstrated the significance of CYP2D6 and CYP2C19 genetic variation in a retrospective cohort of 206 tamoxifen-treated and 280 tamoxifen-untreated breast cancer patients. Tamoxifen-treated women with CYP2D6 alleles associated with absent or reduced enzyme function (*4, *5, *10, *41) had significantly more recurrences, shorter relapse-free time (HR = 2.24; 95% CI (confidence interval) = 1.16-4.33; P = 0.02), and worse event-free survival (HR = 1.89; 95% CI = 1.10-3.25; P = 0.02) compared to carriers of functional alleles. 50 As expected, there was no association between treatment outcome and CYP2D6 genotype in the cohort of patients that did not receive tamoxifen.
Two additional retrospective studies have reported no association between CYP2D6 genotype and the outcomes of tamoxifen-treated patients. 51, 52 Nowell et al. 53 demonstrated no association between CYP2D6*4 genotype and overall survival in a retrospective cohort of 162 patients treated with tamoxifen for ER-positive and negative disease. Additionally, Wegman et al. 52, 54 demonstrated no association between the CYP2D6*4 allele with distant disease-free survival or overall survival.
The reasons for the conflicting outcomes of these studies are likely due to one or more of the following: (1) the lack of central testing of ER, resulting in the probable inclusion of ERnegative patients; (2) use of retrospectively assembled cohorts biased toward patients with available tumor specimens; (3) the inclusion of patients receiving varying lengths (2-5 years) and varying doses (20-40 mg) of tamoxifen; (4) the potential confounder of not accounting for additional treatments (e.g., chemotherapy), known to impact outcome; and (5) not accounting for CYP2D6 inhibitors. On 18 October 2006 , an FDA Advisory Committee met to discuss the tamoxifen research findings to date and to make a recommendation regarding a label change. The FDA committee considered the following question: "Does the clinical evidence demonstrate that postmenopausal women with ER-positive breast cancer who are CYP2D6-poor metabolizers (by genotype or drug interaction) are at increased risk for breast cancer recurrence?" The consensus of the Subcommittee was that the label should be updated to reflect the increased risk for breast cancer along with the mechanistic data presented. However, regarding the recommendation to test women, the committee did not reach a consensus. Some members believed that the genetic test should be recommended, whereas others believed that it should be mentioned in the label as an option for discussion between the health-care provider and patient. However, the majority indicated that it should be included in an appropriate section of the package insert.
TAMOXIFEN AND FDA RELABELING

INTEGRATION OF CYP2D6 PHARMACOGENETICS INTO THE CLINIC
Our data suggest that CYP2D6 may provide a means by which the hormonal therapy of breast cancer can be individualized. In addition to recommending the discontinuation of potent CYP2D6 inhibitors, it is our practice to fully inform patients of the importance of CYP2D6 genotype as a predictor of tamoxifen treatment outcome, and to consider CYP2D6 genotyping in settings wherein alternative therapies are known to be equivalent or superior to tamoxifen monotherapy (e.g., post-menopausal adjuvant breast cancer). In this setting, based on our data 43, 49 and the data by Schroth et al. ,50 genotyping should encompass at least the common PM (e.g., *3-6) and IM (*9, *10, *17, *41) alleles, and PM and IM should be considered for alternative therapy. At this time, the clinical utility of measuring plasma endoxifen levels as a surrogate for CYP2D6 phenotype is unknown, but is an important area of ongoing research. An additional further area of research is needed to determine the optimal sequence of hormonal therapy (tamoxifen for some duration followed by an AI) for patients considered to be CYP2D6 extensive metabolizer or UM. For node-positive, ER-positive patients who are at high risk of recurrence, CYP2D6 extensive metabolizer and UM might be optimally treated with tamoxifen for upwards of 4-5 years followed by 5 years of an AI, as was established in the MA17 trial. 11 This strategy would allow for the administration of therapy for a longer duration of time, which is currently not available if AIs are administered upfront for 5 years. 7 For pre-menopausal breast cancer, there are no published data regarding CYP2D6 genotype and treatment outcomes. In the setting of chemoprevention, a small case-control study from the Italian chemoprevention group demonstrated a higher likelihood that tamoxifen-treated women homozygous for the *4 allele would develop breast cancer compared with those who did not carry a *4 allele. 55 These data are considered preliminary, and further research is needed in pre-menopausal women before using CYP2D6 genotype to exclude patients from tamoxifen.
SUMMARY OF TAMOXIFEN PHARMACOLOGY
Tamoxifen can be considered a classic "pro-drug," requiring metabolic activation to elicit pharmacological activity. Importantly, CYP2D6 appears to be the rate-limiting enzyme converting the pharmacologically inactive metabolites (tamoxifen and NDM) to endoxifen, and additionally contributes to the formation of 4-OH-Tam (from tamoxifen). Our findings suggest that both genetic and environmental (drug-induced) factors that alter CYP2D6 enzyme activity affect tamoxifen treatment outcomes. In the era of third-generation AI, CYP2D6 may provide a means by which the hormonal therapy of breast cancer can be individualized. 
